Experiments with the aerotolerant anaerobe Streptococcus lactis provide the opportunity for determining the proton motive force (Ap) in dividing cells. The two components of Ap, AI (the transmembrane potential) and ApH (the chemical gradient of H+), were determined by the accumulation of radiolabeled tetraphenylphosphonium (TPP+) and benzoate ions. The AI was calibrated with the K+ diffusion potential in starved, valinomycin-treated cells. With resting, glycolyzing cells, the Ap was measured also by the accumulation of the non-metabolizable sugar thiomethyl-,f-galactoside (TMG). In resting cells the Ap, calculated either by adding A' and ZApH or from the levels of TMG, was relatively constant between pH 5 to 7, decreasing from 160 to 150 mV and decreasing further to 100 mV at pH 8.0. With the TPP+ probe for A*, we confirmed our previous finding that the K+ ions dissipate A' and increase ApH, whereas Na+ ions have little effect on A' and no effect on ApH.
during exponential phase to S. lactis cells growing at pH 5 to 7 at 28°C in a defined medium with glucose as energy source. As with resting cells, the ApH and A' were dependent on the pH of the medium. At pH 5.1, the ApH was equivalent to 60 mV (alkaline inside) and decreased to 25 mV at pH 6.8. The A' increased from 83 mV (negative inside) at pH 5.1 to 108 mV at pH 6.8. The Ap, therefore, was fairly constant between pH 5 and 7, decreasing from 143 to 133 mV. The values for Ap in growing cells, just as in resting cells, are consistent with a system in which the net efflux of H+ ions is effected by a membrane-bound adenosine triphosphatase and glycolytically generated adenosine triphosphate. The data suggest that in both growing and resting cells the pH of the medium and its K+ concentration are the two principal factors that determine the relative contribution of ApH and A' to the proton motive force.
It is well established that bacteria conserve and transduce metabolic energy by means of an electrochemical gradient of hydrogen ions across the cytoplasmic membrane, in accordance with the chemiosmotic theory of Mitchell (reviewed in references 5, 6, 24, 25) . This gradient, AjAH+, gives rise to the proton motive force (PMF), Ap, and consists of a transmembrane potential (A', negative inside) and a transmembrane pH gradient (ApH, alkaline inside). The relationship of these parameters is described by Ap = A' -ZApH, where ApH is pHout (pH of the bulk medium) minus the pHin (pH of the cytosol); the factor Z is 2.303 RT/F and equals 59 mV at 250C (R, T, and F have the usual meanings). The PMF available under any condition is the net result of extrusion of hydrogen ions and their reentry into the cell. In anaerobes such as Streptococcus lactis, H+ efflux is catalyzed by the membrane ATPase complex (EC 3.6.1.3; BFoF,), whereas H+ influx is mediated by a number of proton-linked transport systems. Excretion of metabolic end products may, in theory, contribute to the PMF (23) .
The PMF has been estimated in a number of fermenting and respiring bacteria (reviewed in reference 28; see also references 1, 3, 35) (20) .
Cells were incubated at 23°C for 10 min in 1.5 ml of various mixtures, and 1.0-ml portions were centrifuged through silicone oil to separate the cells from the media as described previously (12 Ci/mol. The radioactivity of the pellets and of portions of the supematant fluids and the incubation mixtures was counted. Radioactivity attributable to extracellular fluid trapped in the pellets after centrifugation through silicone oil was determined in each experiment with cells treated with 7% n-butanol or with 1.7% toluene for 50 min at 34°C, and these counts were subtracted from the experimental values. Cells treated in this way could not accumulate ['4C]TMG when incubated with added glucose, showing disruption of the cell membrane. The contaminating radioactivity was insignificant for the benzoate anions and the uncharged sugar molecules. However, binding of cations occurred to a significant extent in these intact, grampositive cells, probably because of the large number of negative charges on the surface, such as those of teichoic acids. Binding of monovalent cations to cells with disrupted membranes also has been observed with 4Tl+ and 22Na' (E. R. Kashket Measurement of AI and ApH in growing cells. Cells were shaken gently at 27 to 28°C in medium P plus 0.5% glucose, and the turbidity was followed for at least three generations until exponential phase (absorbancy at 625 nm < 1.0). If necessary, the pH of the culture was adjusted with Tris base or HCI at least one generation before assay. [3H]TPP+ or ['4C]benzoate was added to 7.5 ml of culture in duplicate flasks. The cultures were shaken for 15 min, and 1.0-ml portions were removed and centrifuged through silicone oil. Portions of radioactive cultures were treated with n-butanol (7%) for 50 min at 34°C, and then portions were centrifuged. The turbidity of the growing culture was monitored to establish that the addition of the AI and ApH probes had had no effect. In a third flask, the pH of the medium was measured and the cells were centrifuged through silicone oil; the K+ and Na+ concentrations of this supernatant fluid were determined by flame photometry.
Chemicals. [7- fermenting S. lactis cells, the ApH decreased from a value equivalent to 85 mV (alkaline inside) at pH 5.0 to -21 mV (acid inside) at pH 8.0; this corresponds to an increase in pH,, from 6.5 to 7.6. The A' increased from 75 mV (negative inside) at pH 5.0 to 135 mV at pH 7.0. At higher medium pH, the Al decreased to 120 mV at pH 8.0. The Ap, calculated by adding these two parameters, was fairly constant up to pH 7.0, decreasing from 160 mV at pH 5 to 150 mV at pH 7.0. Beyond the maximum at pH 7, the Ap decreased to 100 mV at pH 8.0. Control experiments showed that Tris base in the concentrations used in these experiments did not dissipate AI to a significant degree. Hence the decrease in Ap at pH greater than 7 is not due to such an artefact.
The intracellular levels reached by TMG, used as an independent measure of Ap (14, 15) (34) . In those experiments, the AI was determined from the ratio of K+ concentrations in/out in valinomycin-treated cells. It is possible that TMG levels may underestimate Ap. Sugar accumulation may reach an upper limit because diffusion-like pathways may contribute significantly to sugar efflux at high intracellular sugar levels, in analogy to the E. coli system (3, 21) . Nevertheless, the TMG accumulation values parallel the Ap, as also seen below and in Fig. 3 and 4 , supporting the validity of TPP+ as a Ai\ probe for intact cells.
Effects of KCl and NaCl on the Ap of resting S. lactis cells. We had shown previously that KCl addition to glycolyzing S. lactis cells resulted in a decrease in AI and increase in ApH (12) , whereas NaCl addition had a minor effect on A' and no effect on ApH (2) . In those experiments, the A' was measured by using the membrane potential-sensitive dye 1,1'-dipropyl-2,2'-thiodicarbocyanine iodide (31 [Na"ClOUT (mM) FIG. 4 . Effect of NaCI on Ap of resting cells at pH 6.0 (left) and pH 7.5 (right). The experiments were carried out as described in the text, with NaCl added as shown. Symbols are as in Fig. 2 . The values for standard error of the mean atpH 6.0 were <9 mVfor A+, <4.5 mV for ZApH, and <3 mV for TMG accumulation; at pH 7.5, the corresponding values were <4.5, <7.7, and <6.5 mV.
at other medium pH values.
KCI added at concentrations of 2.5 mM or greater dissipated the A' of cells incubated at pH 6 from 92 to 55 mV while increasing the ZApH from 47 to 75 mV (Fig. 3, left) . Thus, the Ap decreased slightly from 140 to 132 mV. At pH 7.5 a similar phenomenon was observed: At decreased from 128 to 90 mV or less, whereas ApH increased from -20 mV (acid inside) to about 8 mV (alkaline inside) (Fig. 3, right) . The chemical gradients of TMG decreased in parallel with Ap in these experiments. The Ap was thus markedly affected by KCI addition at pH 7.5, probably because a rise in ApH could not compensate for the dissipation of A+. The limitation to the rise in ApH may be due to the buffering power of the cytosol and the limitations in H+-extruding activity of the membrane ATPase complex.
In contrast, addition of NaCl at pH 6.0 had no effect on ApH (Fig. 4, left) but lowered the AI from 90 to 80 mV and less, thus lowering the Ap slightly. TMG levels also decreased somewhat with increasing NaCl addition. At pH 7.5 (Fig. 4 , right), NaCl addition again had no effect on
ApH, but dissipated Ai\ by 15 to 20 mV.
In these experiments, the ratios in/out of the various radioactive probes were calculated by using the same intracellular aqueous spaces for the cells for all the salt concentrations. The lack of effect of increasing NaCl concentration on the ApH is consistent with a constant intracellular space. No significant shrinkage of the intracel- (13) .
The two components of Ap were measured in exponential phase in S. lactis cells growing at 28°C (Fig. 5) 6) , and yet cells growing in this medium have a higher A (96 versus 62 mV) and a lower ApH (40 versus 71 mV) than the resting cells. In resting cells, increasing the Na+ concentration (rows D and E) had no effect on the AP-dissipating effects of K+ (rows C and E); therefore, the differences between the growing and resting cells were not due to Na+. In other experiments, cells growing rapidly at pH 6.85 in medium D plus glucose had a Ap significantly lower than that of cells growing more slowly in medium P at the same pH. The lower Ap value (94 versus 132 mV for medium P) was the result of lower At (71 versus 109 mV), whereas the ApH was the same (23 mV) in the two media.
Medium D (11), a rich medium containing yeast autolysate and tryptic digest of casein, supports faster growth of these cells at 280C (80-min. doubling time) than the defined medium P (140-min doubling time). The differences seen under the two growth conditions point out that the PMF of growing cells is not an invariant property of these streptococci. In resting cells, the AI and ApH were found to be functions of the extracellular pH, as has been observed for other bacterial cells (3, 35) .
DISCUSSION
The values for Ap in S. lactis cells are rather similar to those in other streptococci and generally lower than those of respiring cells or vesicles (27) . However, the A' maximum seen at pH 7 has not been reported from other systems. The decrease in AI at high pH, and hence in Ap, was confirmed by the decrease seen above pH 7 in the chemical gradient of TMG. These data thus support a 1:1 stoichiometry for the figalactoside/H+ symporter (3, 32, 35 ) throughout the pH range tested.
It is not immediately obvious whether the PMF of resting and growing cells would be similar. One possibility is that growing cells may utilize ATP (e.g., for macromolecule synthesis) rapidly enough that the internal ATP is lowered, the BFoFj cannot operate maximally, and the Ap is affected. It is possible that such an effect may only be seen in very rapidly growing cells.
Another effect may be that components in growth media utilize energy-dissipating transport processes not involved in the simpler media that are used in experiments with resting cells. Our finding that the relative contributions of AI and ApH are similarly affected by the pH of the medium in the two kinds of cell suspensions suggests that, as a whole, the same kinds of H+ efflux and influx mechanisms are operative.
The Ap values measured in both growing and resting S. lactis cells are consonant with the PMF levels expected of cells deriving their metabolic energy from the ATP synthesized by substrate-level phosphorylation during glycolysis. In streptococci, Ap greater than 175 to 200 mV would be required for the H+-translocating ATPase (BFoF,) to catalyze ATP synthesis (18, 19, 30) . Therefore, any yalue for Ap less than about 175 mV would be compatible with the expected outward direction of H+ movement through the BFoF1, energized by net ATP hydrolysis. The finding that the Ap was different in cells growing in the two media is acceptable, since both values were lower than about 175 mV. The reason for the differences seen in resting cells and cells growing in the defined medium is not clear. However, the two factors of primary importance in determining Ap in both growing and resting cells are the pH and the K+ concentration of the medium. It remains to be seen whether other factors, such as the process of growth, also play a role.
